Introduction
Thapsigargin (Tg*), an inhibitor of the endoplasmic reticulum Ca 2+ -ATPase (1), is a weak tumor promoter in mouse skin (2) . Tg depletes intracellular Ca 2+ stores (1), elevating intracellular free Ca 2+ without affecting phosphoinositide turnover (3) . A sustained elevation of intracellular free Ca 2+ is maintained by an increase in Ca 2+ transport across the plasma membrane (4, 5) . This capacitative Ca 2+ entry into cells (4) is apparently signaled by a small diffusible messenger (5) .
Tg has been tested as a skin tumor promoter because it was active both as an irritant for the mouse ear and as an inducer of histidine decarboxylase in the skin (2) . In contrast to the phorbol ester tumor promoter 12-(9-tetradecanoylphorbol-13-acetate (TPA), Tg did not induce omithine decarboxylase (ODC) when assayed by a standard procedure (2) . CD-I mice initiated with 100 (ig 7,12-dimethylbenz[a]anthracene (DMBA) and promoted for 30 weeks with 5 (ig Tg twice/ week developed 11 papillomas on eight of 15 treated mice (2) . Marks et al. (6) demonstrated that a single application of Tg to mouse skin induced DNA synthesis at 18 h and hyperplasia at 48 h to an extent equivalent to that seen with a promoting dose of TPA. Recently Perchellet etal. (7, 8) verified the weak promoting activity of Tg and demonstrated a small, but significant, induction of ODC in the epidermis after O Oxford University Press epidermis-dermis separation by a cold scraping technique. Tg was as effective as TPA in the production of hydroperoxides and induced similar effects on DNA, RNA and protein synthesis in the skin. In cultured keratinocytes (HEL 30 cells) 100-1000 nM Tg evoked the release of arachidonic acid and prostaglandin E2 into the medium (6) . At these doses, however, Tg inhibited DNA synthesis, followed by pronounced cytotoxicity. Lower Tg doses, compatible with long-term cell survival, were not tested.
In this study we verified the promoting activity of Tg in mouse skin and demonstrated the synergism of Tg and the phorbol ester promoter TPA in a co-culture assay for promoter activity in vitro. We investigated the effects of Tg on the growth and differentiation of cultured keratinocytes and on intracellular free Ca 2+ levels. Long-term exposure of primary keratinocytes of Tg resulted in a cell line, TK-1, that will be useful in co-culture and grafting studies.
Materials and methods

Chemicals
Tg and TPA were purchased from LC Laboratories (Woburn, MA). Stock solutions of Tg (0.1 mM) and TPA (0.1 mg/ml) were prepared in dimethyl sulfoxide. DMBA was purchased from Eastman Kodak (Rochester, NY).
Tumor induction experiment
Female CD-I mice were obtained from Charles River Laboratories (Wilmington, MA). The backs of mice 7-8 weeks-old were shaved 2 days before initiation with DMBA. Initiation was accomplished by a single topical application of 25 |ig DMBA in 0.2 ml acetone. Non-initiated control mice were treated once with 0.2 ml acetone. Groups of 30 initiated mice were promoted twice weekly for 30 weeks with 5 |ig Tg, 5 (ig TPA or the two promoters together, with the Tg treatment given 5 min before TPA. Groups of 20 non-initiated mice were also treated with the three different promotion protocols to compare the complete carcinogenic activity of Tg, TPA and Tg + TPA. Papillomas and carcinomas were counted every 2 weeks for 52 weeks. Suspected squamous cell carcinomas were verified by histological examination.
Cell culture
Primary cultures of keratinocytes were prepared from newborn BALB/c mouse epidermis after separation from the dermis by a trypsin flotation method (9) . Cells were cultured in Ca 2+ -free Eagle's minimal essential medium (MA Bioproducts, Walkersville, MD) with non-essential amino acids and 8% Chelex (BioRad, Richmond, CA)-treated fetal bovine serum (Intergen, Kankakee, IL) at 36°C in a humidified incubator with 7% CO2 (10). The Ca 2+ concentration of the medium was adjusted to 0.05, 0.12 or 1.4 mM with a stock solution of CaClj and was verified by atomic absorption spectroscopy (10). Keraunocytes grow as a rapidly proliferating monolayer in medium with 0.05 mM Ca . Medium with 1.4 mM Ca 2+ induces stratification and cornification of keratinocytes, but is ineffective in the production of other markers of keratinocyte differentiation (11). Medium with 0.12 mM Ca 2+ , on the other hand, effectively induces markers of differentiation of the spinous and granular layers (12) , but induces little cornification. Primary dermal fibroblasts used in the grafting procedure described below were cultured for 1 week in medium with 1.4 mM Ca 2+ to eliminate keratinocytes by induction of terminal differentiation (10).
Co-culture protocol
Two hundred cells of line 308, a mouse keratinocyte-derived benign tumor cell line (13) , were co-plated with 5-6X10* primary keratinocytes in 60 mm dishes in medium with 1.4 mM Ca 2+ (14) . In co-cultures treated with Tg, TPA, TPA + Tg or the solvent DMSO, chemicals were first added to the medium I day after plating, then given with fresh medium three times weekly.
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Two weeks after plating groups of 4-6 dishes were stained with crystal violet and colonies of 308 cells were counted. The tightly packed foci of 308 cells stain darkly and can be distinguished from normal keratinocytes by microscopic examination.
Intracellular free calcium
Analysis of intracellular free Ca 2+ was accomplished using fluorescence video microscopy with PC-based digital imaging analysis of primary keratinocytes loaded with the fluorescent intracellular Ca 2+ probe fura-2 AM, as previously described (15, 16) .
Immunoblotting of keratin I (KI)
Monospecific antisera to epidermal KI were prepared in rabbits by injecting unique synthetic peptides corresponding to C-terminaJ amino acid sequences deduced from the nucleotide sequence of a cDNA clone for KI (17) . Cytoskeletal extracts of primary mouse keratinocytes grown in 60 mm dishes were subjected to electrophoresis, transferred to nitrocellulose paper and reacted with antiserum specific for KI (18) .
Cornified envelopes
Unattached cells were centrifuged from the medium removed from dishes, while attached cells were trypsinized from the dishes, and both cell types were counted in a hemocytometer. To digest cells that were not comified, cells were extracted with 2% sodium dodecyl sulfate/20 mM dithiothreitol at 90°C for 5 min (19) . The numbers of comified cells that survived the digestion were counted in a hemocytometer and the percent comified cells of each type (attached and unattached) was calculated.
Isolation ofTK-l cells and grafting cells to athymic mice
Primary keratinocyte cultures were grown in 0.05 mM Ca 2+ for 7 days, with 5 nM Tg added on day 6. On day 7 the Ca 2+ in the medium was increased to 1.4 mM Ca 2+ , with Tg maintained with each feeding. Under these conditions many keratinocytes stratified, but numerous foci of monolayer cells with a cobblestone appearance developed. The dependence of foci on continued Tg was assessed frequently in multiple dishes. In most cases the foci were dependent on Tg and disappeared when Tg was removed from the medium. In one dish when Tg was removed 63 days after plating, several foci continued to grow. Ring cloning of a large focus into medium with 1.4 mM Ca 2+ resulted in efficient clonal growth. This Tg-independent cell line, named TK-1, apparently resulted from a rare event, since several subsequent attempts to develop cell lines from Tg-treated keratinocytes were unsuccessful TK-1 cells (5X10 6 ) along with primary dermal fibroblasts (6X10 6 ) were grafted onto the backs of 2 month old BALB/c athymic nude mice (13) . The gross appearance of the graft was monitored weekly; as tumors developed in the graft site some mice were sacrificed at 3-5 weeks, the graft site fixed in formalin and 5 | Xm sections stained with hematoxylin and eosin. Other grafted animals were not sacrificed for histological determination of tumor type until 9-10 weeks after grafting. In a second grafting experiment, the phenotype of tumors in skin grafts was compared in cells grafted at early passage (passage 7) and late passage (passage 18), with histology assessed at 5 and 9 weeks after grafting.
Results
Hyperplasia and promotion by thapsigargin
To verify the activity of Tg as a promoter in mouse skin, CD-I mice were initiated with 25 |ig DMBA, then promoted with 5 (ig Tg twice per week for 30 weeks. The Tg dose was chosen based on earlier studies (2) and a preliminary study in which hyperplasia to three to five epidermal cell layers was apparent 72 h after either single or repeated Tg treatments at this dose ( Figure 1C ). As shown in Figure 2 , the first papilloma was seen at 16 weeks, and the incidence increased slowly and appeared to stabilize at about 0.7 papillomas/mouse at 30 weeks. After termination of Tg treatment at week 30, the papilloma incidence increased to 1.5 papillomas/mouse, with 50% of the mice bearing papillomas by 40 weeks (Figure 2) . By 52 weeks ~50% of the papillomas regressed. Tg, while active at a relatively low dose, is much less effective than TPA as a promoter. With 5 ^g TPA ( Figure 3A and B) the first papilloma was recorded at week 7 and 100% of the mice developed papillomas by 26 weeks, with a papilloma yield of 14.8 per mouse. By 52 weeks 37.9% of the TPA-promoted mice had developed squamous cell carcinomas, while only one (4.2%) of the Tg-promoted mice developed a carcinoma (not shown).
Possible synergism of Tg and TPA for hyperplasia and promotion
Since cell culture studies had indicated that TPA and Tg were synergistic for gene expression (20) and for release of arachidonic acid and prostaglandin E2 (6), we tested the effect on hyperplasia and on promotion of Tg (5 u.g) given 5 min before each application of TPA (5 |ig). Hyperplasia after single or repeated treatments with Tg and TPA was slightly greater than with either Tg or TPA alone (Figure 1 ). However, in the group of mice treated with both Tg and TPA ( Figure 3A and B) the maximum number of papillomas/mouse (9.9) was reduced by >30% compared with mice promoted by TPA alone (14.8 papillomas/mouse). Thus we observed an inhibition of TPA promotion by Tg, even though the hyperplastic response was increased.
Papillomas from exposure to promoters alone In the report of Hakii et al. (2) no papillomas were noted during 30 weeks of twice weekly treatment of non-initiated mice with 5 (ig Tg. In this study the first Tg-induced papilloma was observed at week 36 and three papillomas developed on two of 20 mice by week 40 ( Figure 2 ). The promoter TPA also induced a papilloma on two of 20 uninitiated mice, with the first papilloma seen at week 28 and the second at week 40 (not shown). In uninitiated mice treated with both Tg and TPA the first papilloma developed at week 16. Two papillomas were seen on a second animal at week 20 and a single papilloma was seen on a third mouse at week 30 (not shown). None of these tumors regressed or progressed to carcinomas and no new papillomas developed at later times.
Synergism of Tg and TPA in co-culture assay for promotion
Confluent primary keratinocytes inhibit the focal growth of certain lines of initiated keratinocytes (21) . This suppression can be overcome by treatment with a tumor promoter and both TPA and Tg are active in this assay (14, 21) . In co-cultures of 200 308 cells with 5X10 6 primary keratinocytes, 5 nM Tg induced 4.6 ± 0.5 colonies, compared with 7.0 ± 1.0 for 32 nM TPA and 0.4 ± 0.2 in the solvent control ( Figure 4 ). With Tg and TPA together 31.8 ± 2.0 308 cell colonies were seen, a result compatible with a synergistic interaction of these two agents, as reported in other in vitro assays (6, 20) .
Toxicity of Tg to primary keratinocyte cultures
Our earlier co-culture studies with Tg (14) have established that doses of 1, 5 and 10 nM were not toxic to confluent keratinocytes in medium with 1.4 mM Ca 2+ , but 50 nM Tg induced cytolysis by 3 days. Cells in medium with 1.4 mM Ca 2+ survive doses of 5*25 mM Tg for only 1-2 days (not shown). In medium with 0.05 mM Ca 2+ , 1 nM Tg was not toxic; Tg at 5-10 nM did not display initial toxicity, but killed all cells by day 7 (not shown). One day of treatment with 5-10 nM Tg in medium with 0.05 mM Ca 2+ (as in the protocol for isolation of TK-1 cells in Materials and methods), followed by increasing the calcium in the medium to 1.4 mM, was not toxic and enhanced long-term keratinocyte growth. The basis for the increased toxicity with prolonged Tg in medium with lower Ca 2+ levels is unclear.
Intracellular Ca 2 *
The effect of Tg on the level of intracellular free Ca 2+ (Ca,) in primary cultures of keratinocytes in medium with 0.05 mM Three of the mice were sacrificed 3 days after treatment, the back skin fixed in formalin and 5 urn sections were stained with hematoxylin and eosin (not shown). The remaining three mice in each group were treated twice weekly and were sacrificed 3 days after the seventh treatment Ca 2+ was estimated using fura-2. As shown in Table I , 3 nM Tg did not affect Caj during the first 30 min of exposure. Exposure to 10 nM Tg caused a gradual increase in Ca, of 33.1 ± 11.1 nM from a baseline of 60.8 ± 19.5 nM. At 30 nM Tg, a dose associated with toxicity, Ca^ increased >2-fold in the first 5 min after Tg treatment, returning to the baseline level by 30 min.
Tg effect on stratification, Kl expression and cornification
The rapid induction of stratification that results from increasing extracellular Ca 2+ from 0.05 to >0.1 mM is delayed for at least 24 h by exposure to 10 nM Tg ( Figure 5 ). Shedding of terminally differentiated cells from the culture dish, normally seen at 3^4 days (10), is also delayed by 1-2 days (not shown).
Increasing extracellular Ca 2+ from 0.05 to 0.12 mM induces an increase in the level of Kl, a marker of differentiation in the first suprabasal epidermal layer, the spinous layer. As shown in Western blots in Figure 6 , Tg (at 5 or 10 nM) prevents this increase in Kl 24 h after increasing Ca 2+ in the medium to 0.12 mM and eliminates the low level of Kl found in keratinocytes grown in medium with 0.05 mM Ca 2+ . To rule out the possibility that the Ca 2+ -induced expression of Kl might occur earlier than 24 h in the presence of Tg, 6 and 12 h time points were examined. At these times neither 0.12 mM Ca 2+ nor Tg increased Kl. The reduction by Tg of the level of Kl is not the result of a general block in protein synthesis; Tg prevents the Ca 2+ -induced decrease in protein synthesis (22) .
Cornification, the terminal differentiation process in which cells of the granular layer form comified cell envelopes in the stratum corneum, is effectively induced when monolayer cells growing in medium with 0.05 mM Ca 2+ are shifted to medium with a Ca 2+ concentration >1.0 mM. To test the effect of Tg on Ca 2+ -induced cornification cells were grown for 6 days in medium with 0.05 mM Ca 2+ , then shifted to medium with 1.4 mM Ca 2+ with or without 10 nM Tg. After 48 h the fraction of both attached and unattached cells that were comified was determined. In 0.05 mM Ca 2+ medium only 3.8% of the attached cells and 3.4% of the unattached cells were comified (Table II) . In medium with 1.4 mM Ca 2+ 23.3% of the attached cells and 3.6% of the unattached cells were comified, with a 2-fold increase in total comified cells. With 10 nM Tg in medium with 1.4 mM Ca 2+ , 38.8% of the attached and 19.3% of the unattached cells were comified, with a further 3-fold increase in total comified cells. At 24 h, when Ca 2+ -induced stratification was blocked by Tg, the total number of comified cells was similar to that seen at 48 h, but >70% of the cornified cells were in the unattached fraction (not shown).
Long-term effects of Tg on primary keratinocyte cultures
In contrast to other agents that affect keratinocyte differentiation (23), continued exposure to Tg allowed extended growth for several months in medium with >0.1 mM Ca 2+ . In addition, occasional small foci of monolayer cells were seen in dishes of primary keratinocytes after 10-14 days exposure to 10 nM Tg (not shown). Increased numbers of these foci were observed in cultures grown in 0.05 mM Ca 2+ for 6 days then switched to medium with 1.4 mM Ca 2+ and 5-10 nM Tg. Maintenance and expansion of foci required the continued presence of Tg in the culture medium. Removal of Tg from the medium resulted in the disappearance of foci. Numerous attempts to subculture the foci by ring cloning into medium with either 0.05 or 1.4 mM Ca 2+ with or without Tg were unsuccessful.
TK-1 cells: characteristics and phenotype
As described in Materials and methods, a cell line, TK-1 was developed from a single dish in which foci continued to grow after Tg removal. TK-1 cells have a high cloning efficiency (50-60%) in medium with 1.4 mM Ca 2+ and their clonal growth is inhibited by co-culture with primary keratinocytes (not shown). Since these characteristics were similar to the papilloma cell line 308, the in vivo phenotype of TK-1 cells was determined by grafting the cells onto the backs of nude » 4 Ca, was quantified by digital image analysis as described in Materials and methods. Keratinocytes growing in medium with 0.05 mM Ca 2+ loaded with fura-2/AM were switched into Ca 2+ -free medium 10 min before image analysis. Buffer containing either 3, 10 or 30 nM Tg was added to each dish and the change of Ca, (ACa,) was monitored for 20-30 min. The baseline Ca, was 60.8 ± 19.5 nM. The number of cells imaged is indicated by n. from TK-1 cells at passage 7 and three of four tumors from cells at passage 18. By 9 weeks after grafting, most of the tumors from TK-1 cells of both passages had progressed to invasive squamous cell carcinomas. Thus the progression to a malignant phenotype was not enhanced by passaging TK-1 cells in culture. Although the mechanism by which the TK-1 cell line developed is unclear, its characteristics make it useful for co-culture and grafting studies.
Discussion
Hyperplasia and promotion by Tg
Repeated treatment of mouse skin with either Tg or TPA produced a similar degree of hyperplasia (Figure 1 ). Since tumor promotion has been directly correlated with sustained hyperplasia (24), Tg is surprisingly weak as a promoter ( Figure  2 ). The negative effect of continued exposure to Tg is shown in Figure 2 . In the group of mice initiated with DMBA and promoted twice weekly with Tg for 30 weeks, the papilloma incidence increased sharply after Tg treatment was discontinued. Epidermal toxicity as a result of chronic Tg treatment could explain this result. Alternatively, other authors (8) have suggested that the mobilization of Ca 2+ by Tg might antagonize tumor promotion by inducing epidermal maturation and inhibiting proliferation.
The rapid regression of many of the Tg-promoted papillomas after week 40 (Figure 2 ) indicates that these papillomas are at low risk for conversion to malignancy. Only one squamous cell carcinoma developed in the Tg-promoted mice. In contrast, other promoters such as mezerein (25) and causing a rise in Ca^, followed by an influx of Ca 2+ from the external medium. The Tg-induced elevation of Ca, does not involve the activation of protein kinase C or the production of IP3. The first step in the action of TPA involves activation of protein kinase C (PKC). The well-known effects of Ca 2+ and PKC on signal transduction may explain the reports of synergism of Tg and TPA in cell culture (6, 20) . After verifying the weak tumor promoting activity of 5 (ig Tg on DMBAinitiated mouse skin (Figure 2) , we tested the possible syner- mice as part of a reconstituted skin. As shown in experiments I and II in Table ITJ , small papillomas were seen at 3-5 weeks. These benign tumors progressed rapidly to invasive squamous cell carcinomas by 10 weeks after grafting. Experiment in, in which the cell phenotype was compared in TK-1 cells grafted at passages 7 and 18, was designed to test whether TK-1 cells progressed to a more malignant phenotype with time in cell culture. In this experiment only the smallest papillomas (~1 mm in diameter) were clearly benign. At 5 weeks after grafting, tumors in grafts were classified as very dysplastic papillomas (or carcinomas in situ) in three of five tumors that developed Six-day-old primary keratinocytes were switched from medium containing 0.05 to medium with 0.12 mM Ca 2+ with or without 5, 10 or 100 nM Tg. At 24 h cytoskeletal extracts were subjected to electrophoresis, transferred to nitrocellulose paper and reacted with antisera specific for Kl. E indicates a control sample prepared from newborn epidermis.
gism of Tg and TPA for tumor promotion in vitro and in vivo. In a cell culture assay for tumor promotion in which a few cells of papilloma line 308 were co-cultured with confluent normal keratinocytes, both TPA and Tg allowed the growth of multiple foci of initiated keratinocytes (14, 21) . The 2.8-fold increase in the number of 308 cell colonies in the cocultures treated with both Tg and TPA (Figure 4) , compared with the sum of the numbers of colonies observed in cocultures treated with the agents individually, demonstrates the synergistic action of these promoters in keratinocyte culture. In this assay activity of promoters is not correlated with their effects on clonal growth of the initiated cells plated alone (14) , but appears more likely to be related to the elimination of normal keratinocytes, either by cytotoxicity or cornification.
When Tg was applied to mouse skin in conjunction with tumor promotion by TPA, hyperplasia was enhanced slightly compared with either treatment alone (Figure 1) . However, the number of papillomas per mouse in the Tg/TPA-treated mice was not increased, but was reduced >30% compared with mice promoted with TPA alone (Figure 3 ). Since only one dose of each promoter (a promoting dose) was tested, synergism of Tg and TPA for promotion remains a possibility. When a weakly promoting protocol of TPA treatment was combined with suboptimal treatments with Tg, papilloma formation was enhanced slightly (8) . Future studies will include several doses of each promoter, including suboptimal doses, in an attempt to determine an appropriate treatment schedule to demonstrate synergism.
Tg effects on keratinocyte growth and differentiation in culture
The induction of terminal differentiation and suppression of keratinocyte proliferation by increasing the concentration of Ca 2+ in cell culture medium has been associated with an increase in Caj (16) . On this basis we predicted that Tg, which increases Ca, in other cell types (3), would induce terminal differentiation of normal keratinocytes. We were surprised to find that the induction of stratification as a result of increasing Ca 2+ in culture medium from 0.05 to 0.12 mM was delayed by exposure to 5-10 nM Tg ( Figure 5 ). Other agents that produce a similar delay in stratification of keratinocytes include ouabain, harmaline, A23187, 8(diethylamino)octyl-3,4,5-trimethoxybenzoate and medium with reduced levels of potassium. This suggests a role for potassium in the induction of keratinocyte differentiation by increasing extracellular Ca 2+ (23, 26) . These agents were effective only at concentrations that produced pronounced cytotoxicity after 24-48 h. Tg, on the other hand, was effective at doses (5-10 nM) that were non-cytotoxic and produced a small increase in Ca, ( Table I) , suggesting that the mechanism of Tg action may differ from the other inhibitors of stratification.
Terminal differentiation in the stratified epidermis has been characterized by the production of specific markers in each epidermal layer (11). Spinous layer markers of differentiation include the keratins Kl and K10; granular layer markers are loricrin, filaggrin and transglutaminase, the enzyme responsible for the formation of the protease-resistant cross-links in the comified cells of the stratum corneum. For this study keratinocytes grown for 6 days in medium with 0.05 mM Ca 2+ were exposed to 5-10 nM Tg at the time extracellular Ca 2+ was increased to 0.12 mM. Paradoxically, Tg reduced the levels of the spinous marker Kl within 24 h ( Figure 6 ) and increased the numbers of cornified cells at 24-48 h (Table II) . The increased cornification that correlates with the elevation of Caj by Tg (Table I) is consistent with reports of increased intracellular and extracellular Ca 2+ in the granular layer of the epidermis (27) (28) (29) . A reduction in intracellular Ca 2+ stores coupled with buffering Caj by an intracellular Ca 2+ chelator inhibited the expression of keratinocyte differentiation markers of both the spinous and granular layers (30). Recently we found that depletion of Ca 2+ stores by inhibiting endoplasmic reticulum Ca -ATPase by exposure to either Tg or cyclopiazonic acid inhibited both spinous and granular cell markers (22) . However, elevation of Caj when Ca 2+ stores were depleted stimulated expression of markers of differentiation in granular cells, but not in spinous cells. Thus Tg effects on compartmentalization of Ca 2+ , with changes in both stored Ca 2+ and Caj, may explain its effects on keratinocyte differentiation.
Discordance between Tg effects in mouse skin and keratinocyte culture
The activity of. most carcinogens, tumor promoters and other drugs in keratinocyte culture correlates well with their activity in mouse skin (31) . With Tg, however, we have found differences in several responses, including proliferation, promoter potency and synergism with TPA. What may account for the differences observed between Tg action in mouse skin compared with keratinocyte cell culture? Are the differences real or only apparent?
Earlier workers had demonstrated a marked hyperplasia 48 h after a single treatment of mouse skin with Tg, but found no increase in proliferation in cultures of HEL 30 cells exposed to Tg, with cytotoxicity at the high Tg doses tested (100-1000 nM) (6) . In our earlier studies (14) Tg at doses of 5-10 nM were effective in allowing growth of 308 cells in co-cultures, but inhibited the growth of 308 cells plated clonally. In more extensive dose-response studies (not shown) in which either clonally plated 308 cells or TK-1 cells were treated with lower levels of Tg, doses of 1 or 3 nM Tg were non-toxic, but did not increase the size of 308 or TK-1 colonies. In primary keratinocytes cultured in medium with 0.05 mM Ca 2+ , 10 nM Tg decreased [ 3 H]thymidine incorporation by 40% at 48 h; 5 nM Tg increased DNA synthesis only slightly (22) . Therefore, the inability of Tg to induce a substantial increase in proliferation has been demonstrated in both primary keratinocytes and cell lines and is not simply dose related. Our results in keratinocyte culture indicate that Tg action depends on changes in both stored Ca 2+ and Ca,. Although we have emphasized the similarities between the epidermis and keratinocyte culture in the importance of Ca 2+ in controlling epidermal growth and differentiation (15) , the effects of Tg on Ca, and stored Ca 2+ in vivo have not been examined.
In order for a chemical to act as a tumor promoter the growth enhancing effect on the initiated cells must offset the growth inhibitory or toxic effects on these cells. If doses of some promoters, such as mezerein (32) , are too high (or if a dose is given too frequently), then fewer papillomas develop than with an optimal, lower (or less frequent) dose (33) . The 30% reduction in papilloma incidence in mice treated with both Tg and TPA, compared with TPA alone (Figure 3 ), may indicate a combined toxicity to initiated cells. In vitro the toxicity of Tg for clonally plated 308 cells is eliminated by co-culture with confluent normal keratinocytes and 308 cell colonies grow and expand. If this protection of initiated cells by surrounding normal cells is not as effective in skin as it is in culture, Tg may be selectively toxic to initiated cells in skin. As suggested earlier (14) , the 308 cell line represents only one type of initiated cell; other types of initiated cells could respond less well to Tg than to TPA in skin.
As with any in vivo-in vitro comparison, an equivalent dose of test drug may not be delivered to the target cells. When topically applied in acetone to mouse skin the drug must pass through the stratum comeum as well as the granular and spinous layers before coming in contact with the basal cells, the presumed target cells. In vitro the drug is dissolved in dimethyl sulfoxide and added to the culture medium of keratinocytes. The increased toxicity of Tg to monolayer cultures growing in medium with 0.05 mM Ca 2+ compared with stratified cultures in medium with 1.4 mM Ca 2+ may be explained by the delivery of a higher dose of Tg to the basal cells, the cells attached to the culture dish, in monolayer cultures.
Unique long-term effects of Tg on cultured keratinocytes
The effects on keratinocyte growth of a number of carcinogens (34) , tumor promoters (14) and inducers and modifiers of differentiation (35) have been determined. Only Tg allowed the extended growth of primary keratinocytes in medium with 1.4 mM Ca 2+ , along with the development of small foci of cells growing as a monolayer in stratified cultures. Other than their dependence on Tg in the medium, these foci have not been characterized and were not successfully subcultured, even in the continued presence of Tg.
TK-1 cells: development and phenotype
TK-1 cells were developed by subculruring Tg-independent foci that developed in a culture dish of keratinocytes exposed to Tg for >2 months. Most keratinocyte cell lines have developed either as a result of: (i) genotoxic carcinogen exposure of either cultured keratinocytes or epidermis; (ii) long-term culture in medium with low levels of Ca 2+ , allowing continued keratinocyte proliferation. The development of cell lines from continued culture in low Ca 2+ medium can be prevented by growing cells in fibroblast-conditioned medium (36) . Many of the lines resulting from low Ca 2+ growth contain an activating Ha-ras mutation (13) . Since Tg is not likely to be directly genotoxic, one could speculate that TK-1 cells developed as a result of extended growth in Tg-containing medium. Since foci were prevented by growth in fibroblastconditioned medium (not shown), a Ha-ras mutation analogous to those in low Ca 2+ lines might be expected. However, a PCR analysis of TK-1 cell DNA revealed no mutations in codons 12, 13 or 61 of Ha-ras (unpublished results). The reported production of hydroperoxides by Tg (7) suggests an indirect mechanism by which Tg could induce mutations, but the origin of the TK-1 line remains unclear.
Although both the appearance and growth characteristics of TK-1 cells in culture were similar to 308 cells, the in vivo phenotype of the cells was different. When grafted onto the backs of nude mice as part of a reconstituted skin, 308 cells produce rapidly growing benign papillomas with a low rate of conversion to malignancy (13) . After grafting TK-1 cells small dysplastic papillomas seen at 3-5 weeks convert rapidly to invasive squamous cell carcinomas (Table IH) . This conversion to malignancy was not enhanced by growth for several passages in cell culture (Table IH) . The TK-1 phenotype in grafts, which is unique among the lines tested in our laboratory, could be useful for testing potential inhibitors of the malignant conversion process. The inhibition of growth of TK-1 cells by primary keratinocytes in co-cultures will allow the study of neoplastic cell-normal cell interactions in cell culture.
Mechanism of Tg action
The effects of Tg on keratinocyte growth and differentiation in cell culture are likely to be relevant to its tumor promoting activity in mouse skin. The biological effects of Tg in culture have been duplicated in our laboratory (22) by treatment with a structurally unrelated inhibitor of the endoplasmic reticulum Ca 2+ -ATPase, cyclopiazonic acid. This result emphasizes the importance of changes in Ca 2+ compartmentalization to explain Tg action.
